Previous epidemiological studies have demonstrated relationships between individual nutrients and glucose intolerance and type 2 diabetes, but the association with the overall pattern of dietary intake has not previously been described. In order to characterize this association, 802 subjects aged 40-65 years were randomly selected from a population-based sampling frame and underwent a 75 g oral glucose-tolerance test. Principal component analysis was used to identify four dietary patterns explaining 31⋅7 % of the dietary variation in the study cohort. These dietary patterns were associated with other lifestyle factors including socio-economic group, smoking, alcohol intake and physical activity. Component 1 was characterized by a healthy balanced diet with a frequent intake of raw and salad vegetables, fruits in both summer and winter, fish, pasta and rice and low intake of fried foods, sausages, fried fish, and potatoes. This component was negatively correlated with central obesity, fasting plasma glucose, 120 min non-esterified fatty acid and triacylglycerol, and positively correlated with HDL-cholesterol. It therefore appears to be protective for the metabolic syndrome. Component 1 was negatively associated with the risk of having undiagnosed diabetes, and this association was independent of age, sex, smoking and obesity. The findings support the hypothesis that dietary patterns are associated with other lifestyle factors and with glucose intolerance and other features of the metabolic syndrome. The results provide further evidence for the recommendation of a healthy balanced diet as one of the main components of chronic disease prevention.
Epidemiological studies have a key role in generating greater clarity about the relationship between exposures and disease so that their findings can be translated to public health recommendations. Many population studies of the relationship between diet and chronic diseases have been analysed using the intakes of specific nutrients or food groups of individuals (Hamman, 1992) . However, in the absence of data accurate enough to eliminate confounding, it is uncertain whether the observed association is a singular effect of the food or nutrient, or if the food or nutrient acts as a marker for an overall lifestyle and dietary pattern. This is important as the intake of one food or nutrient is often correlated with the intake of another (Barker et al. 1990; Kant et al. 1995) or with other lifestyle factors (Margetts & Jackson, 1993) , which may have a relationship to the risk status of the individual.
Some researchers have attempted, therefore, to examine the relationship between food patterns and disease status rather than individual nutrients (Huijbregts et al. 1995; Kant et al. 1995; Whichelow & Prevost, 1996; Gittelsohn et al. 1998) . Three main methods have been used: cluster analysis, scores and principal component analysis (PCA) . In this present paper, we report the use of PCA, a means of reducing the complexity of diet to a small number of dimensions. This is analogous to the reduction of dietary complexity to the intake of a few nutrients. However, it has the advantage that the dietary components identified are independent of each other, unlike the intake of different nutrients, and hence confounding between components is diminished. It has the possible disadvantage that it provides no insight into the mechanisms by which diet is associated with disease risk, being driven by patterns of food intake. However, as people consciously consume patterns of food intake rather than individual nutrients, it may be that aetiological information based on patterns could be easier to translate into public health recommendations.
In the UK several studies have used the PCA technique to derive dietary patterns (Barker et al. 1990; Whichelow & Prevost, 1996) that were then shown to relate crosssectionally to other lifestyle factors (Barker et al. 1990; Whichelow & Prevost, 1996; Johnson et al. 1998 ) and prospectively to the health circumstance of the subjects (Prevost et al. 1997) .
The metabolic syndrome, otherwise known as syndrome X or the insulin resistance syndrome, is a cluster of cardiovascular risk factors. These risk factors include hypertriacylglycerolaemia, lowered HDL-cholesterol, glucose intolerance and hypertension (Haffner et al. 1992) . These abnormalities are often correlated with insulin resistance, and it has been suggested that insulin resistance may be the underlying cause for this clustering (Reaven, 1988) . This syndrome has also been shown to be related to central obesity, physical inactivity (Wareham et al. 1998) , and some nutrient factors (Daly et al. 1997; Purnell & Brunzell, 1997) . However, few studies have examined the relationship between food patterns and the metabolic syndrome. A study conducted in Canada (Gittelsohn et al. 1998) investigated the relationship between broad patterns of food intake, method of preparation and consumption derived from factor analysis and glucose intolerance in a native Canadian population. It showed that some food groups including vegetables, breakfast foods, and hot meals appeared to have a protective effect for impaired glucose tolerance (IGT) and type 2 diabetes.
This present study aims to describe dietary patterns in a middle-aged UK-population-based cohort and to relate these patterns to glucose intolerance and other features of the metabolic syndrome.
Materials and methods

Study population and sampling methods
The Isle of Ely study is a prospective population-based study of the aetiology and pathogenesis of type 2 diabetes and related metabolic disorders. The details of this study have been published elsewhere (Williams et al. 1995) . In summary, 1122 subjects (486 men and 636 women) aged 40-64 years, who were not known to have diabetes, were randomly selected from a population-based sampling frame. People with previously diagnosed diabetes, those who had moved away from the study area before being contacted, or who were physically unable to come to the study centre were excluded from the study. The response rate was 74 %. Respondents underwent a standard 75 g oral glucose-tolerance test according to World Health Organization recommendations (World Health Organization, 1985) after a 10 h overnight fast and abstinence from smoking, use of a nicotine patch, or chewing nicotine gum on the morning of the test. Blood samples were immediately separated in a cooled centrifuge at 4Њ and transported to the main laboratory on ice, where they were stored at −70Њ. Plasma glucose was measured using the hexokinase method (Kunst et al. 1983) and total serum cholesterol, HDL and triacylglycerol using the RA 1000 (Bayer Diagnostics, Basingstoke, Hants., UK). Values for LDL-cholesterol concentrations were calculated using the Friedewald formula (Friedewald et al. 1972 ). Estimations were not made if the plasma triacylglycerol was Ͼ4 mmol/l. Plasma insulin was measured using an immunoenzymic assay (Medgenix Diagnostics SA, Fleurus, Belgium).
Two trained observers carried out standard anthropometric measurements (Williams et al. 1995) . Smoking status and alcohol intake were assessed by questionnaire. Subjects were classified as non-, ex-or current smokers. Alcohol consumption was recorded as units of alcohol consumed per week and analysed as a continuous variable and as quartiles of alcohol consumption. Leisure time physical activity was assessed using the Paffenbarger questionnaire Wareham et al. 1996) with standard coding of specific activities using published energy costs for recreation and sports (Ainsworth et al. 1993) . These are expressed in the data as metabolic equivalents or MET hours per week, or multiples of the energy cost of resting. Socio-economic group was assessed according to the shortened form of the Registrar General's socio-economic classification (Registrar General, 1980) . A collapsed form of this classification was used in which individuals were grouped into non-manual (1, 2, 3) and manual (4, 5, 6) groups. The World Health Organization criteria for diabetes and IGT were used to classify subjects (World Health Organization, 1985) . Waist : hip ratio was categorized into sex-specific quartiles. The Cambridge Local Research Ethics Committee approved the study.
Measurement of main exposure
Food consumption was assessed using a modification of the Health and Lifestyle survey questionnaire (Cox et al. 1987 ). There were thirty-five items in the food frequency questionnaire. The questions on frequency of food consumption were taken from those used in similar surveys (Bull, 1965; Yarnell et al. 1983; Cox et al. 1987) . Yarnell et al. (1983) reported on the performance of the food frequency questions against weighed intakes. The results from these questions have been shown to discriminate between groups of subjects (Whichelow et al. 1991a, b) and to associate with lifestyle factors (Whichelow & Prevost, 1996) . The Health and Lifestyle survey questionnaire was administered as a structured self-completed questionnaire, completed by the study subjects during their visit to the study centre, and was designed to assess food intake over the preceding 12 months. For the main food list, the participants were asked to grade their frequency of consumption of each food item as 'daily', 'most days', 'once or twice a week', 'less than once a week', or 'rarely or never'. Questions aimed at measuring the seasonal variation of salad and raw vegetables and fruits consumption in winter and summer were included in the main food list. Total energy intake was not estimated. Due to missing values in some of the food items, twenty-nine of the thirty-five food items were selected for inclusion in the PCA. The food items excluded due to missing values included cereals, bread type, spreads, preserves, cream, and beverages. Complete information for all twenty-nine food items was given by 802 subjects.
Analysis
Principal component analysis. The data were analysed using Intercooled Stata 5 (Stata Statistical Software Release 5.0, 1997; Stata Corporation, College Station, TX, USA). Data on the frequency of consumption of foods in the main list were collected in five categories and re-coded to 'daily', 'most days', 'once or twice a week', 'less than once a week', and 'rarely or never'. The group of individuals with complete data was not significantly different in respect of age, sex, and prevalence of IGT or type 2 diabetes from those excluded because of missing values (DEMW1). PCA was performed on the correlation matrix of the twenty-nine food items listed in Table 1 . This is a data reduction technique that produces successive linear combinations of the variables each accounting for as much of the remaining variance as possible. It therefore describes major food patterns in the data. The FACTOR (pc) command (Intercooled Stata 5) was used to extract the factor loadings for the components and factor scores calculated for each individual based on their initial responses. A higher score indicated that the individual ate the food pattern described by the component more frequently than a person with a lower score. The stability of the generated components was tested by deriving the components for two randomly split subsamples and correlating the factor loadings. The first four components were highly correlated to their corresponding component derived from each sample but the fifth and sixth components were not, and were then excluded from the remaining analysis. This observation was confirmed by the Scree plot shown in Fig. 1 . The Scree plot is a plot of the eigenvalues of the derived components. The occurrence of Variation explained (%)
* Figures in italics represent loadings greater than 0⋅300 or less than −0⋅300.
Fig. 1.
Scree plot of the eigenvalues of the first fifteen components generated by principal component analysis; the Ely study (n 802). For details of study population, see Table 2 ; for details of principal component analysis, see pp. 259-260.
an elbow or knuckle is usually considered to be where the large eigenvalues stop and the small eigenvalues start and can be used as a visual representation of the number of significant components (Cattell, 1965 (Cattell, , 1966 . In Fig. 1 , two elbows were observed between components 1 and 2, and components 4 and 5. The x 2 test of isotropic variation (Mardia et al. 1979) , another technique used in identifying the number of components to retain, also confirmed this observation. This test indicated a significant difference between components 1 and 2 (P Ͻ 0⋅001) and components 3 and 4 (P = 0⋅07) but no difference between components 2 and 3. Both these tests suggested that one or four components should be retained. The first four components were thus retained to describe the dietary patterns observed in this cohort. The relationship between the general characteristics of the subjects and glucose intolerance status was assessed using Student's t test and Pearson's Chi-square test (x 2 ) to compare the arithmetic means and proportions of these characteristics in the IGT and type 2 diabetes groups against those of the normal glucose tolerance group. ANOVA was used to examine the characteristics of subjects for each of the components identified. The scores of component 1 were categorized into tertiles using the distribution in the normal glucose tolerance group. Spearman's correlation and partial correlation were used to assess the relationship between the dietary components and the variables of the metabolic syndrome. Insulin, 120 min plasma glucose and triacylglycerol concentrations, total alcohol intake and physical activity were skewed and were normalized by logarithmic transformation before the partial correlations were calculated.
The prevalence of IGT and type 2 diabetes were directly age-standardized to the World population of Segi using the truncated standard age range as recommended by King & Rewers (1993) . Univariate logistic regression was used to investigate the relationship between the dietary components, IGT and type 2 diabetes as separate outcomes, compared with the normal glucose tolerance group. The effects of potential confounders on the relationship between these dietary components and glucose intolerance were assessed in a series of multiple logistic regression models.
Results
Fifty-one (4⋅5 %) of the subjects had newly diagnosed type 2 diabetes by the World Health Organization (1985) criteria and 188 (16⋅8 %) had IGT. The age-standardized prevalence was 2⋅32 and 11⋅2 % for previously undiagnosed type 2 diabetes and IGT respectively. The general characteristics of the three glucose tolerance categories are shown in Table 2 . The mean age and BMI of the study population was 54⋅1 (SD 7⋅7) years and 26⋅0 (SD 4⋅3) kg/m 2 respectively. Subjects with newly diagnosed type 2 diabetes were older, more obese, and less physically active than their normal counterparts, with those with IGT being intermediate. There was a strong significant trend between reported alcohol consumption and the prevalence of IGT and type 2 diabetes, with the prevalence decreasing as reported alcohol consumption increased (x 2 19⋅07, P Ͻ 0⋅01). A greater proportion of subjects with IGT and type 2 diabetes reported a positive family history (at least one or more parent or sibling) than normal subjects. The prevalence of type 2 diabetes and IGT was highest in unskilled and skilled manual workers, socio-economic 260 D. E. M. Williams et al. group 3 and 6, but this difference was not statistically significant (x 2 17⋅37, P = 0⋅066). When the collapsed socio-economic groups were used, those in the manual group had a significantly higher prevalence of IGT and type 2 diabetes than those in the non-manual group (x 2 11⋅14, P Ͻ 0⋅01). Four dietary components were identified, collectively explaining 31⋅7 % of the variation in diet in the study population (Table 1) . Component 1 explained 11⋅9 % of the variation and represented frequent intakes of salad and green vegetables and fruits (in both summer and winter), fish (not fried), pasta or rice, and low intake of fried foods, processed meat, fried fish, potatoes and snacks (biscuits and crisps). Component 2 explained 7⋅5 % of the variation and included frequent intake of confectionery, cheese, root and green vegetables, pulses, biscuits, chocolate, red meat and potatoes. Component 3 explained 6⋅6 % of the variation and included frequent intakes of confectionery and chocolate as in component 2 but infrequent intakes of vegetables and potatoes. Component 4 explained 5⋅7 % of the variation in the data and represented frequent intake of eggs, fried food, processed meat, cheese and fried fish (Table 1) .
Higher scores for component 1 were observed in women, subjects who were less than 55 years and in those in the higher socio-economic groups, and lower scores were recorded in current smokers (Table 3 ). This component was negatively correlated with age, waist : hip ratio, 261 Dietary patterns and glucose intolerance fasting plasma glucose, 120 min non-esterified fatty acids (NEFA), and triacylglycerol (Table 4) . It was positively correlated with HDL-cholesterol. After adjusting for age, component 1 remained negatively correlated with waist : hip ratio and triacylglycerol and positively correlated with HDL-cholesterol (Table 5) . Younger subjects and men had higher component 2 scores, but heavy drinkers and current smokers had lower scores (Table 3) . Component 2 scores were negatively correlated with fasting NEFA, 120 min insulin and plasma glucose concentration (Table 4) . The correlation observed between component 2 and 120 min insulin and fasting NEFA was independent of the effects of age (Table 5) . Subjects in non-manual occupations favoured component 3. Component 3 was negatively correlated with fasting plasma glucose, physical activity, total alcohol consumption, and 120 min NEFA concentration (Table 4) , although with the exception of physical activity these correlations were not independent of the effect of age (Table 5) . Men had higher scores on component 4 as did professionals and skilled manual workers, the younger age groups, heavy drinkers and current smokers. Component 4 was negatively correlated with age and cholesterol (both total and LDL), but positively correlated with waist : hip ratio and total alcohol intake (Table 4) . Waist : hip ratio, total alcohol intake and BMI were positively associated with component 4 after adjusting for the effects of age (Table 5) . Subjects with newly diagnosed diabetes had lower scores for component 1 than those who were normal (P Ͻ 0⋅05) or had IGT (P = 0⋅06) ( Table 6 ). No significant difference was seen between the three glucose tolerance categories for the other three components. Component 1 scores were categorized into tertiles based on the distribution of the normal glucose tolerance group. Fig. 2 Age (years) −0⋅07* −0⋅06 −0⋅07 −0⋅16** BMI (kg/m 2 ) −0⋅06 −0⋅02 0⋅00 0⋅07 Waist : hip ratio −0⋅29** 0⋅00 −0⋅06 0⋅11** Physical activity (total MET) 0⋅02 −0⋅03 −0⋅12* 0⋅03 Total alcohol intake (units/week) −0⋅01 −0⋅05 −0⋅07* 0⋅23** Fasting plasma glucose (mmol/l) −0⋅10** −0⋅03 −0⋅07* 0⋅02 120 min plasma glucose (mmol/l) −0⋅05 −0⋅09* 0⋅01 0⋅00 Fasting plasma insulin concentration (pmol/l)
−0⋅11** Fasting plasma non-esterified fatty acids (mmol/l) 0⋅05 −0⋅12** 0⋅06 −0⋅06 120 min plasma non-esterified fatty acids (mmol/l) −0⋅07* −0⋅02 −0⋅08* 0⋅00 Plasma triacylglycerol (mmol/l) −0⋅19** −0⋅07 −0⋅05 −0⋅03
MET, metabolic equivalents. * P Ͻ 0⋅05, ** P Ͻ 0⋅01. 
MET, metabolic equivalents. * P Ͻ 0⋅05, ** P Ͻ 0⋅01. † Log transformed values. 
Mean value was significantly different from that for group with normal glucose tolerance: * P Ͻ 0⋅05 (paired two-sided t test). † World Health Organization (1985) . scores of those with IGT and type 2 diabetes around the tertiles of the normal glucose tolerance group. Almost half of those with type 2 diabetes had scores in the lowest tertile of the distribution. The odds ratio for having diabetes compared with normal glucose tolerance for a tertile change in component 1 was 0⋅62 (95 % CI 0⋅38, 0⋅999). After adjustment for age (entered as an ordered category in five-year age bands), there was a slight change in the point estimate (0⋅65, 95 % CI 0⋅40, 1⋅07) but the upper limit of the 95 % CI exceeded unity. To investigate further the relationship between this component and glucose intolerance, the analysis was restricted to those aged above 50 years. The odds ratio for a tertile change in component 1 was 0⋅54 (95 % CI 0⋅32, 0⋅91) and 0⋅44 (95 % CI 0⋅22, 0⋅88) after adjustment for age, sex, smoking status and obesity (Table 7) .
Discussion
By using the PCA technique we have identified four dietary patterns in a UK-based cohort of middle-aged subjects, which show an association with other lifestyle factors and features of the metabolic syndrome. Of note is the striking similarity between the factor loadings observed in this study and those observed in previous UK-based population studies (Gregory et al. 1990; Whichelow & Prevost, 1996) . The first component described by Whichelow & Prevost (1996) had similarly high loadings for fruits, salads, root vegetables and negative loadings for fried food and processed meat. The dietary and nutritional survey of British adults (Gregory et al. 1990) reported similarly high loadings in fruits and vegetables in their first component. However, they reported lower values for pasta, rice, and cereals. The association observed with other lifestyle factors is consistent with the results obtained in previous studies in the UK (Barker et al. 1990; Whichelow & Prevost, 1996) .
One disadvantage of the PCA technique is the interpretation of the results obtained and the actual naming or describing of a particular food pattern. One approach is to use variables that load above a certain cut-off point (Ͼ Ϯ3), but this does not distinguish variables that may have loadings greater than Ϯ3 for different components. Another approach is to plot the loadings for one component against the next in order to identify the variables that discriminate between the two components (Fig. 3) . Component 1 loaded heavily for foods that one would assume to be beneficial and came closest to the description of a conventionally accepted balanced healthy diet. With this is mind, it was not surprising to see that it was correlated with most of the features of the metabolic syndrome in the expected direction, i.e. negatively with obesity, plasma glucose, 120 min NEFA and triacylglycerol; and positively with HDL-cholesterol. It was also negatively related to glucose intolerance, with subjects found to have newly diagnosed type 2 diabetes having the lowest scores for component 1. A tertile change in component 1 was associated with a 28 % reduction in the risk of having type 2 diabetes that persisted after restricting the analysis to those above 50 years old and controlling for the effect of sex, age, BMI and smoking.
This result is similar to that found in a Canadian study (Gittelsohn et al. 1998) although in that study they included patients known to have diabetes, whose diet may have been modified by the onset of their disease. The present study, which was undertaken in individuals without known diabetes, is not subject to this bias. A similar analysis by Barker et al. (1992) identified a cosmopolitan dietary pattern with high loadings for fruits and vegetables that was negatively correlated with total cholesterol, and also observed that dietary patterns containing alcohol were positively associated with HDL-cholesterol.
The metabolic syndrome has been shown to have three main clusters (Meigs et al. 1997) : one including hyperlipidaemia, raised waist : hip ratio and BMI, and a second associated with hyperglycaemia and hyperinsulinaemia. Our results show two components inversely associated with these two clusters, i.e. component 1 with the lipid cluster and component 2 associated with the glucose cluster (Table 4) . This may well indicate that the pathological mechanisms involved in these two clusters may be different and may be influenced by different environmental factors.
In a previous report on data from the Ely study (Williams et al. 1999) , we have shown that frequent intakes of raw and salad vegetables, especially in the winter, were protective against type 2 diabetes (odds ratio 0⋅16, 95 % CI 0⋅04, 0⋅69). These results now indicate that those findings are probably, in part, a reflection of the overall healthy lifestyle described by component 1. However, the strength of the association with frequent intake of raw and salad vegetables, especially in the winter, appears too large to be explained completely by this relationship, although the confidence intervals are wide. Our present study cannot identify whether a single lifestyle factor is associated with this protective effect, as the dietary components were all associated with other lifestyle factors like physical activity and socio-economic group. Present analytical techniques cannot clearly separate one lifestyle factor from another in the assessment of risks for the occurrence of a particular disease, especially when the lifestyle factors are collinear and are measured imprecisely. It is therefore of interest for nutritional epidemiologists to examine dietary patterns as well as separate nutrient and food effects in the investigation of the effects of diet on disease processes.
We have placed more emphasis on component 1 in this paper because it explained the greatest proportion of the variation and was the most stable component in the two split samples. Furthermore, the factor loadings of component 1 were very similar to those observed in the Health and Lifestyle survey (Whichelow & Prevost, 1996) . This emphasis was also justified by the results from the isotropy test which indicated that component 1 was significantly different from the other components. Although we could have omitted the reporting of the other three components we have elected to include their description for completeness but their aetiological relevance was less than that of component 1.
Only 802 subjects with complete information on twentynine of the thirty-five food items in the questionnaire were included in this study. In order to determine the effect this exclusion may have had on the derived components, the missing values for subjects who had less than three (n 947) and five (n 1037) missing food items were imputed and the PCA repeated with these imputed values. There was a very high correlation coefficient (r Ͼ 0⋅94) between the scores of the components reported in this paper and those obtained using both the three missing items and five missing items imputed food items. The main conclusions of the relationship between component 1, glucose intolerance and the metabolic syndrome remained unchanged.
These results support current recommendations for the adoption of a dietary pattern which includes increased fruit and vegetable consumption and a reduction in the intake of fatty foods and processed meat for protection against the occurrence of the metabolic syndrome and glucose intolerance.
